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FLOW ASSIGNMENT AND PACKET SCHEDULING FOR MULTIPATH NETWORKS

Ka-Cheong Leung and Victor O. K. Li
Department of Electrical and Electronic Engineering
The University of Hong Kong
Pokfulam Road, Hong Kong, China
{kcleung, vli} @eee.hku.hk

Abstract—In this paper, we propose a framework to study how to route pack-
ets efficiently in multipath communication networks. Two traffic congestion con-
trol techniques, namely, flow assignment and packet scheduling, have been inves-
tigated. The flow assignment mechanism defines an optimal splitting of data traf-
fic on multiple disjoint paths. The resequencing delay and the usage of the rese-
quencing buffer can be reduced significantly by properly scheduling the sending
order of all packets, say, according to their expected arrival times at the destina-
tion. We consider a multiple-node A7 /A1 /1 tandem network with a delay line
as the path model. When end-to-end path delays are all Gaussian distributed,
our analytical results show that the techniques are very effective in reducing the
average end-to-end path delay, the average packet resequencing delay, and the
average resequencing buffer occupancy for various path configurations. These
promising results can form a basis for designing future adaptive multipath pro-
tocols.

I. INTRODUCTION

The convergence of the computer, communications, entertain-
ment, and consumer electronics industry is driving an explosive
growth in multimedia applications [17]. Recent studies show that
multimedia traffic exhibits correlation on various time scales [3].
Such long-range dependence property has a considerable unpleas-
ant impact on queueing performance, and is a dominant character-
istic for a number of packet traffic engineering problems [8].

Multipath routing has recently been found to be an effective
method to alleviate the effects of such traffic correlation [9], [13].
Precisely, multipath routing or spatial traffic dispersion [6], [7],
[9], [201], [21] is a load balancing technique in which the total load
from a source to a destination is spatially distributed over several
paths. To make the scheme viable, there must be a way to allocate
a proper portion of traffic to each participating path so as to satisfy
the desired objective, like the minimization of the average end-to-
end path delay. This is known as flow assignment.

Besides, packets which travel along different paths may arrive
out of order. Those packets arriving out of order may have to be
resequenced, i.e. stored in a buffer, called a resequencing buffer,
until they can be delivered to the end process in the proper order.
To provide better performance, the need for resequencing should
be minimized [5].

Cyclic traffic dispersion is a method to evenly distribute pack-
ets over all active paths. Many existing traffic dispersion strate-
gies, such as dispersity routing [6], [20], [21], the string-mode pro-
tocol [7], and the vector routing algorithm [15), utilized this idea.
The major advantage of this approachis that it is quite simple to im-
plement. However, this method does not take the heterogeneity of
these paths into account. With heterogeneous paths, the best way
to spread traffic along multiple paths may not be by cyclic disper-
sion, since it may not achieve the objective, such as minimizing the
end-to-end path delay. In addition, it may induce substantial packet
resequencing delay when the end-to-end delays are quite different
among these paths.
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Some adaptive routing schemes [2}, {14] have been proposed to
spread packets dynamically over multiple paths according to the
network load. These procedures still require some parameters to
determine the load distribution. Yet, the calculations of such pa-
rameters are either computationally intensive or done in an ad hoc
manner. Thus, there is a need for designing new multipath routing
schemes that allow a rapid computation of the optimal load distri-
bution parameter.

Since resequencing is due to packets arriving out of order at the
destination, instead of sending packets from the source according to
their sequence numbers, the packet sending order can be scheduled
anew to minimize or to reduce the necessity for resequencing.

The objective of this work is to propose a framework to study
how to route packets efficiently in multipath communication net-
works. Two traffic congestion control techniques, namely, flow as-
signment and packet scheduling, have been investigated. The flow
assignmentmechanism defines an optimal splitting of data traffic on
multiple disjoint paths, whereas the resequencing delay and the us-
age of the resequencing buffer can be reduced significantly by prop-
erly scheduling the sending order of all packets, say, according to
their expected arrival times at the destination. We will investigate
the effectiveness of these control mechanisms for multipath routing
by examining three basic questions:

« What is the optimal split of traffic to achieve the best perfor-

mance?

« How much does the packet scheduling technique improve the
performance?

« Under what circumstances should we employ the optimal split
of traffic instead of cyclic traffic dispersion, and the packet
scheduling technique, in order to achieve a significant perfor-
mance improvement?

This paper is organized as follows. Section II gives a flow as-
signment mode! to compute an optimal splitting of data traffic on
multiple disjoint paths. Section III presents a packet scheduling
model to find a proper sending schedule so as to reduce the packet
resequencing delay and the resequencing buffer occupancy. Sec-
tion IV develops an end-to-end path delay model for the frame-
work. Section V examines the analytical results derived from the
framework and studies the effectiveness of the flow assignment
and packet scheduling techniques on multipath routing. Section VI
gives some conclusions and discusses some possible extensions to
our work. Lemma and theorem proofs are omitted here because of
constraints in space.

II. FLow ASSIGNMENT MODEL

Our flow model consists of a disordering network connecting the
source to the destination, and flows of packets. The disordering net-
work consists of a set of N disjoint paths, namely Path 1, Path 2, ...,
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Path N, connecting the source to the destination, such that packets
may arrive at the destination in a different order as they are sent. We
assume the source has an unlimited supply of packets, which are de-
livered to paths according to deterministic or probabilistic routing.
The relative load to Queue ¢ (or Path 1), p;, is defined as the portion
of dispersed traffic to be routed to Queue 2, where Zf\il pi = 1.
Denote the flow configurationp = (o1 p2 pN). Be-
cause of limited path capacity, it may not be possible to route all
packets to some of these paths. Therefore, the load distribution p;
is feasible if and only if 0 < p; < M; < 1, where M; is the upper
bound of p;, forall: = 1,2,..., N. A flow configuration is said
to be a feasible flow configurationif andonly if 0 < p; < M; <1
foralle =1,2,...,N.

Lemma 1: The set of all feasible flow configurations, S, is con-
vex.

Let C;(p:) denote the non-negative monotonically increasing
cost function of transmitting packets on Path ¢ with the relative
load p;, where: = 1,2,..., N. Ci(p:) is well defined for all feasi-
ble flow configurations. The notion of ‘cost’ here is quite general.
It can represent any system and user costs, including the average
end-to-end path delay, the average packet loss probability, the av-
erage total buffer requirement for all nodes along the path, and so
on. Hence, the expected cost for multipath routing can be written
as:

C(p) = Z pi Ci(pi)

Let Ci(p;) be a non-negative monotonically increasing convex
function in p;.

Lemma 2: The expected cost C{p) is a convex function in p,
where p is a feasible flow configuration.

Because the expected cost C(p) is a convex function in p and all
feasible flow configurations p composes the convex set S, C(+) has
an unique global minimum on S if § is non-empty [19]. Iterative
feasible direction algorithms like the constrained gradient projec-
tion method {4] can be adopted to compute the minimum expected
cost and the corresponding feasible flow configuration.

To complete our flow assignment model, the cost function
C;(pi) is formulated as the average end-to-end delay on Path ¢,
Di(pi), for our succeeding analytical studies. That is,

Ci(pi) = Di(pi)
wherei=1,2,...,N.

III. PACKET SCHEDULING MODEL

In Section 11, we have proposed to employ the flow assignment
method to minimize the expected cost for multipath routing. How-
ever, this method merely gives the load distributions to N disjoint
paths. Given a sequence of W ordered packets to be transmitted,
there are many ways to order the sending sequence for these packets
from the source. Each order of sending sequence for a set of packets
is called a sending schedule. A sending schedule can have very dif-
ferent packet resequencing delay and resequencing buffer distribu-
tions when compared with another schedule. This means that care
must be taken to determine the best schedule. We propose a packet
scheduling mechanism to minimize or to reduce the consumption
of the resequencing buffer and the delay on resequencing.
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Suppose p; is the relative load on Path i, where "V | p; = 1.
Denote p = {p1 p2 pn). To achieve the best system
performance, packets are distributed to each path in a cyclical fash-
ion so that the arrival instants of any two packets to each path is as
uniform as possible. Algorithms for constructing such routing se-
quences can be found in [1]. These routing sequences contain sub-
sequences that can be used to re-construct the whole sequence by
the repeated applications of the same subsequence.

A round is defined as the minimal subsequence. It is possible
to construct a round of length L such that g; packets are sent on
Path 4,7 = 1,2,..., N, in each round, where p; ~ % and
L = Z;\;l g;j. Thus, we can denote Pi(j) = k as the position

of the ™ packet in every round to be sent on Path ¢, and R(k) = i.
The sequence number of the packet sent at Round r, » > 1, and
Position & is designated as O(r, k), where O(r, k) > 1. Denote
by tm, dm, and am, respectively, the sending time of the first bit of
the packet with the sequence number m from the source, the end-
to-end path delay experienced by the packet, and the arrival time of
the last bit of the packet at the destination. The relationship among
these three quantities is:

m = tm + dm

Let R(s) denote the resequencing cost function for multipath
routing under the sending schedule s. Our objectiveis to find an op-
timal sending schedule s* such that R(s) is minimized at s = s*.

To complete our packet scheduling model, the resequencing cost
function R(s) is expressed as:

w
R(s) = Y, max(0,a — @)
k=1

where @ = Efax].

R(8) can be minimized to take on value 0 if it is possible to
obtain the optimal sending schedule such that the expected arrival
times for all packets are in ascending order of their sequence num-
bers. Ties are resolved by sending the packet with the smaller se-
quence number at an eatlier sending time. If all packets arrive at
their expected arrival times, resequencing is not needed. The task
is reduced to searching for such a schedule.

Denote by S(z,r, ) and A(3, r, 5), respectively, the expected
sending time of the first bit of the packet at Round r and Posi-
tion P;(j) from the source, and the expected arrival time of the last
bit of the packet at the destination. Without loss of generality, the
first packet, i.e. at Round 1 and Position 1, is expected to be sent at
Time 0. That is,

S(R(1),1,1) =0

Thus, the packetat Round r and Position P; () is expected to be
transmitted at:

S, ) =[(r=1)- L+Pi(y) ~1]-A

where A denotes the average inter-packet time, i.e. the mean time
between two successive packets to be transmitted from the source.

Suppose the average end-to-end delay for Path 7 is D;. The ex-
pected packet arrival time can be expressed as:

A(iyr,3) = 8(i,r,5) + Di
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Packets are scheduled such that a packet with a smaller sequence
number O(r1, P;, (J1)) is expected to arrive at the destination no
later than one with a larger sequence number O(r2, Pi, (52)). This
schedule order relationship can be written as:

0(7‘1 ) 'P,'l (Jl )) < 0(1‘2, IPI'Q (]2))
if and only if

A(i1, r1,51) = A(iz, 72, J2)

A(iy,r1,51) < A(iz, r2,42)  or {_ ) . = )
S(i1, 1, 01) < S(é2,r2,72)

It is time to introduce the theorem that guides the construction of
the optimal schedule.

Theorem 1: The sequencenumber of the packetsentat Round r,

r = 1,2,..., and Position Pi(3), ¢ = 1,2,...,N,
j=1,2,...,4q,canbe written as:

N qu
o, Pi(i) =3 Y max(0,r — £, 5,4, v)) +(r=1) - g +3

u=1 v=1

uFt
where

Cu=DDHPu@)=PGNE | {Zgi’—-x = Pi) = Pulv)

&G, d uv) = L-a 5; > Du

[ Bu~-D)+HPu(v)=P; (J')]‘K]
L-a

otherwise .

Take §(1, j) = £(R(1), 1,1, 7). By using Theorem 1, it can be
shown that:

O(r +1,Pi(3)) = O(r, Pi(4)) + L

where r > max (1,6{u,v)) — mm (1,8(z,y)) + L.
u!
u#’Rv(l) x#R(I)
The determination for the set of 6(z, j) characterizes the steady

state behavior of the sending schedule, and hence the packet rese-
quencing delay and resequencing buffer occupancy distributions.

IV. END-TO-END PATH DELAY MODEL

The analytical framework proposed in this section is applica-
ble to any distributions of end-to-end path delay. To illustrate our
model, we use Gaussian distributed end-to-end path delay. Gener-
ally, a path consists of several hops. Traffic measurements on the
ARPANET? indicated that two sites were separated by 5.32 hops,
on the average. Moreover, the distribution of round-trip delay ap-
peared to be roughly normally distributed [12]. Modern high speed
networks are much more complex in terms of domain architectures
and connectivity. Thus, the mean path length between any two sites
in a high speed network tends to be higher than the above value.

The central limit theorern [10] suggests that the end-to-end path
delay, which is the sum of a large number of hop delays, is ap-
proximately normally distributed. The mean and the variance of
the end-to-end path delay provide sufficient information to generate
an approximate distribution, which can then be utilized to compute
the resequencing delay, the total delay, and the buffer occupancy

1 ARPANET stands for the U.S. Department of Defense (DoD) Advanced Research Projects Agency (ARPA)Network.
Tubegan as an experimental packet-switched network and provided the groundwork (or the developrent of the modem
Intemet.
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distributions. This approach, which was used to solve the end-
to-end percentile-type delay objective allocation problem for net-
works supporting Switched Multi-megabit Data Service (SMDS),
has been shown to provide the best approximation to the reference
values [18].

bn

RS WS WO
VT

Fig. 1. The L-hop path example.

To complete our end-to-end path delay model, an L-hop path is
modeled as a multiple-node M/M /1 tandem network with a delay
line as illustrated in Figure 1. L M /M /1 queuesand a delay line are
connected in tandem. The i queue receives input from two traffic
sources: the tagged dispersed traffic of rate A, and the interfering
or background traffic of rate b;. The service rate of the i server
is ;. The delay line, which generally represents the total propaga-
tion delay of the path, is P. Denote by D and 0% the mean and the
variance of the end-to-end path delay. It can be shown [11] that:

(mod L) ; L

— 1
D= ——+P
;l‘i(l_Pi)—‘—

L
where the utilization of the i' Server, p; = ’\—ﬂi.

Smce D > 0and £ W > 0 when A is evaluated at a value be-
tween Q and i — bi, D is a non-negative monotonically increasing
convex function, which can be employed as the cost function to find
the unique optimal flow configuration illustrated in Section II.

V. ANALYTICAL INVESTIGATION

This section discusses the numerical results based on the analyti-
cal expressions obtained in Sections II, III, and IV. To evaluate the
effectiveness of flow assignment and packet scheduling, we need
to calculate the resequencing delay and the resequencing buffer oc-
cupancy. Those expressions can be found from our proposed re-
sequencing model in [16]. With the help of some numerical ex-
amples, we can illustrate the effectiveness of these control mecha-
nisms for multipath routing by answering the three basic questions
posed in Section I. The inter-sending time between any two con-
secutive packets from the source, denoted as the inter-packet time,
is five time units. There are two disjoint paths, namely Path 1 and
Path 2, connecting the source to the destination. Packets are routed
in a cyclical fashion so that the arrival instants of any two packets
to each path is as uniform as possible. A path is modeled as a five-
node M /M /1 tandem network with a fixed delay line. Its end-to-
end path delay is assumed to be Gaussian or normally distributed
with its mean and variance computed from the path model exhib-
ited in Section IV. Each server on path ¢, 2 = 1, 2, serves a packet
with an average service time of y; time units, where 1 = 1, and
p2 = 0.5,1,2,5. The set of fixed delays for Path 1 and Path 2
consists of three different combinations, namely (0, 0), (0, 15), and

Globat Telecommunications Conference - Globecom™99



Fixed Delays = (0, 0 time unit Fixod Dalays = (0, 15) time units
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{a) Load distribution when fixed delays
are (0,0) time unit.

(b) Load distribution when fixed delays
are (0,15) time units.

Fig. 2. Load distribution plots for various settings.

(15, 0) time units. The backgroundload on Path 1 is fixed to be 0.75
and that on Path 2 varies between 0 and 1, at an increment of 0.02,
The results are provided in two sets. The first set studies the effec-
tiveness of the optimal path-splitting of traffic for multipath routing.
It provides the load distributions to Path 2, p, (where p1 = 1—p»),
and the average end-to-end path delays. The second set studies the
effectiveness of the flow assignment and packet scheduling tech-
niques on resequencing. It includes the average resequencing de-
lays for various settings.

We examine the first set of results. Figure 2 shows the load dis-
tributions to Path 2 when the background load on Path 2 varies be-
tween 0 and 1. The load distribution drops from 1 to 0 as the back-
ground load increases from O to 1. Initially, the background load on
Path 1 is much higher than that on Path 2. It is beneficial to trans-
mit a majority of packets on Path 2 instead of cyclic dispersion in
order to take advantage of a much lower average end-to-end delay
on Path 2. Its superiority fades as the background load on Path 2 in-
creases. At a certain background load on Path 2, cyclic dispersion
becomes the best strategy for traffic splitting. As the background
load on Path 2 continues to rise, it is advantageous to distribute a
higher load on Path 1 rather than Path 2. Eventually, all packets
should be sent on Path 1.

Besides, it is always possible to achieve optimal splitting with a
higher load distribution on Path 2 with faster transmission links. A
faster transmission link means that it can take a higher portion of
traffic from the source to get the same offered load, given the total
work feeding into the network from the source is fixed. Moreover,
a higher propagation delay on Path 2 causes a greater end-to-end
path delay, resulting in a reduction in the optimal load distribution
on Path 2.

Figure 3 exhibits the average end-to-end path delays for both the
optimal split of traffic and cyclic dispersion. At low and moderate
background load on Path 2, we see that the optimal split of traffic
yields a greater reduction on the average delay when the link service
rate for Path 2 becomes higher, since an increase in the link service
rate reduces the overall offered load and thus the average end-to-
end.delay on Path 2. In addition, the improvement decreases when
the propagation delay on Path 2 is higher, and vice versa.

The second set of results demonstrates the effectiveness of the
flow assignment and packet scheduling techniques on resequenc-
ing. Our results in Figure 4 show that the optimal flow assignment
always yields lower average resequencing delay and lower average
resequencing buffer occupancy? than cyclic dispersion of traffic.

2The average ing buffer is to the average delay by applying Little's
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(c) Average path delay when fixed delays
are (0, 0) time unit and link service rates
are (1, 2) packets per time unit.

{d) Average path delay when fixed delays
are (0, 0) time unit and link service rates
are (1, 5) packets per time unit.
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(e) Average path delay when fixed de-
lays are (0, 15) time units and link service
rates are (1, 1) packet per time unit.

(f) Average path delay when fixed delays
are (15, 0) time units and link service
rates are (1, 1) packet per time unit,

Fig. 3. Average end-to-end path delay plots for various settings.

A further improvement can be obtained by applying the proposed
packet scheduling technique. We see that a substantial performance
improvement can be achieved for cases where there is a large dif-
ference in path delays only when the packet scheduling technique is
applied. This means that the packet scheduling mechanism is very
effective in providing performance improvement when there is a
large difference in path fixed delays.

VI. CONCLUSIONS

In this paper, we propose a framework to study how to route
packets efficiently in multipath communication networks. Two
traffic congestion control techniques, namely, flow assignment and
packet scheduling, have been investigated. The flow assignment
mechanism defines an optimal splitting of data traffic on multiple
disjoint paths, so as to minimize the average cost for multipath rout-
ing, such as the average end-to-end path delay experienced by a

Theorem [11).
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Fig. 4. Average resequencing delay plots for various settings.

packet. Yet, packets may still experience a substantial difference in
average path delays if they are sent on different paths. The packet
scheduling mechanism can be utilized to minimize or to reduce the
consumption of the resequencing buffer and delay on resequencing
by reducing the chance for out of order packet arrivals at the desti-
nation, say, by scheduling them according to their expected arrival
times at the destination. This technique is particularly useful for
transmitting archival information, such as stored videos, since all
archival packets are available and they can be sent in any desired
order.

The end-to-end path delay model with a delay line has been built
to allow the queueing model for resequencing to be decoupled from
that for a path. This leads to a simple yet general model, which can
be used with other measurement-based tools for estimating end-to-
end path delay distributions to find an optimal split of traffic.

To illustrate our proposed framework, we have considered a
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multiple-node M /M /1 tandem network as a path model. When
end-to-end path delays are Gaussian distributed, our analytical re-
sults show that the techniques are very effective in reducing the av-
erage end-to-end path delay, the average packet resequencing de-
lay, and the average resequencing buffer occupancy for various path
configurations. These promising results can form a basis for design-
ing future adaptive multipath protocols.

There are several possible extensions to our work, some of which
are listed below:

« devise an adaptive multipath protocols for packet-switching

networks, such as IP-based and ATM networks;

« incorporate quality of service routing [5] with multipath rout-
ing;
extend the framework to consider reliability and fault tolerant
issues.
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